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Abstract
For the ﬁrst time, the partition coeﬃcients of the ionized forms of several opioids, amphetamine-like drugs, and their metabolites were
determined by studying their ionic transfer process across the bare interface waterjorganic solvent. The ionic partition coeﬃcients of the
monocationic forms of 12 compounds—heroin, 6-monoacetylmorphine (6-MAM), morphine, acetylcodeine, codeine, dihydrocodeine,
methamphetamine, amphetamine, 3,4-methylenedioxymethamphetamine (MDMA or ‘‘ecstasy’’), 3,4-methylenedioxyamphetamine
(MDA), 3-methoxy-a-methyldopamine (3-OMe-a-MeDA), and a-methyldopamine (a-MeDA)—were attained using electrochemical
measurements, by cyclic voltammetry, at the interface between two immiscible electrolyte solutions (ITIES). Then the acquired lipophil-
icity values were correlated to the chemical structure of the compounds and with the metabolic pathways central to each class of drugs.
Although the mechanisms of biotoxicity of this type of drugs are still unclear, the data obtained evidence that the lipophilicity of metab-
olites may be a contributing factor for the qualitative diﬀerences found in their activity. In addition, the partition coeﬃcients of the ionic
drugs were calculated using three available software packages: ModesLab, Dragon, and HyperChem. As shown by cross-comparison of
the experimental and calculated values, HyperChem was the most reliable software for achieving the main goal. The data obtained so far
seem to be correlated to the proposed metabolic pathways of the drugs and could be of great value in understanding their pharmaco-
logical and/or toxicological proﬁles at the molecular level. This study may also contribute to gaining an insight into the mechanisms of
biotransportation of this type of compounds given that the ionic partition coeﬃcients reﬂect their ability to cross the membrane barriers.
 2006 Elsevier Inc. All rights reserved.
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The concept of hydrophobicity or lipophilicity takes on
an important meaning in medicinal chemistry and molecu-
lar toxicology because of its remarkable signiﬁcance in
health sciences. Lipophilicity is one of the most important
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driving forces sustaining the passive transport of drugs
through biomembranes, and it is a key factor in drug–
receptor interactions [1–5].
The processes of biodistribution, protein binding, and
metabolism of the drugs are generally dynamic and interde-
pendent and can interplay and inﬂuence each other, being
strictly related with lipophilicity. Actually, the study of
drugs’ ability to interact with membranes and enzymes is
of the utmost importance for a proper understanding of
their biological eﬀects or side eﬀects and disposition in
the body [6]. In fact, lipophilicity correlates positively with
high protein binding and with enzyme selectivity [5,7]. It
should also be stressed that lipophilic compounds are the
preferred targets for biotransformation and that nonspecif-
ic toxicity is expected to correlate with a compound’s pro-
pensity to accumulate in cell membranes and consequently
with its lipophilicity [5].
The techniques for the determination of oil–water parti-
tion coeﬃcients in general, and of octanol–water partition
coeﬃcient in particular, are widely used to evaluate the
lipophilicity of compounds [1–5]. The latter is one of the
most commonly reported molecular descriptors of neutral
drugs and is the one used most often to establish quantita-
tive structure–activity relationships (QSARs),1 quantitative
structure–toxicity relationships (QSTRs), and structure–
metabolism relationships (QSMRs) [5]. However, there
currently is a strong need for a more accurate evaluation
of the partition coeﬃcients not only of neutral forms but
also of ionic molecules because more than 70% of both
therapeutically and nontherapeutically used drugs are ion-
izable under physiological conditions [1,5]. It is worthwhile
to notice that for a long time the importance of the lipo-
philicity of ionizable drugs and solutes has been underesti-
mated, due mainly to the lack of reliable methods to
determine the partition coeﬃcients of the ionic forms. Even
though it has been conventionally accepted that ionizable
compounds cross membranes only in their neutral form
or as ion pairs [1,3,5], recent studies have shown a signiﬁ-
cant ‘‘passive’’ partition of ionic organic compounds,
namely zwitterions [5,8–10]. Therefore, studies on the lipo-
philicity of ionizable drugs could lead to a better under-
standing of drug bioactivity and distribution, thereby
helping to recognize their chemical and/or biological roles.
Although the determination of the partition coeﬃcients
of neutral solutes can be realized by various partitioning
techniques, such as chromatography and simple shake ﬂask
methods [1,3–5], only the four-electrode voltammetry at
the interface between two immiscible electrolyte solutions
(ITIES) [3] and the recently developed three-phase elec-
trode [2,11–15] are techniques capable of determining the
partition coeﬃcients of ionic solutes. Actually, during past
decades the ion transfer across the ITIES has been studied
extensively by means of several electrochemical and optical
techniques [1–5]. Electrochemical experiments performed
at polarizable ITIES are particularly suitable because they
provide precise measurements of the Galvani potential
diﬀerence.
In this work, attention is focused on the determination
of partition coeﬃcients of the ionic forms of opioids,
amphetamine-like drugs, and some of their metabolites
and analogues (Fig. 1) by using the four-electrode
voltammetry at the ITIES. The increase of chemical and
biological studies on this type of drugs has been motivated
by its toxicological public health signiﬁcance in the hope
for a better understanding of its biological behavior at
the molecular level. The importance of the partition coeﬃ-
cient evaluation of this type of drugs and metabolites is evi-
dent in previously published works [16–21], and
undoubtedly it could be related to the toxicity proﬁle
before or after biotransformation of the drugs and/or their
metabolites and their capacity to cross membrane barriers.
For the sake of getting a better insight into the mem-
brane transfer characteristics of ionic drugs, a rapid and
reliable electrochemical method was designed and
applied to the determination of logP values of the ionic
forms of this type of chemical drugs. In addition, the
experimental values were compared with the estimated
partition coeﬃcients, calculated by using diﬀerent soft-
ware packages—ModesLab, Dragon, and HyperChem
[22]—and, when available, with reference literature val-
ues [23–25].
Materials and methods
Chemicals
Morphine, codeine, and amphetamine were obtained
from Uquipa and Sigma (Lisbon, Portugal) as their hydro-
chloride salts and were used without further puriﬁcation.
Dihydrocodeine bitartrate was kindly provided by Knoll
Lusitana (Prior Velho, Portugal).
Acetylcodeine, heroin, 6-monoacetylmorphine (6-MAM),
methamphetamine, 3,4-methylenedioxyamphetamine (MDA),
3,4-methylenedioxymethamphetamine (MDMA or ‘‘ecsta-
sy’’), a-methyldopamine (a-MeDA) and 3-methoxy-a-
methyldopamine (3-OMe-a-MeDA) were synthesized as
described elsewhere [26–28].
Purity determination
The purity of the ﬁnal products (>97%) was veriﬁed
using two diﬀerent high-performance liquid chromatogra-
phy (HPLC) systems: one equipped with a UV detector
1 Abbreviations used: QSAR, quantitative structure–activity relation-
ship; QSTR, quantitative structure–toxicity relationship; QSMR, struc-
ture–metabolism relationship; ITIES, interface between two immiscible
electrolyte solutions; 6-MAM, 6-monoacetylmorphine; MDA, 3,4-methy-
lenedioxyamphetamine; MDMA, 3,4-methylenedioxymethamphetamine;
a-MeDA, a-methyldopamine; 3-OMe-a-MeDA, 3-methoxy-a-methyldop-
amine; HPLC, high-performance liquid chromatography; DAD, diode
array detector; DCE, 1,2-dichloroethane; LiCl, lithium chloride; TOA-
TPB, tetraoctylammonium tetraphenylborate; NaTPB, sodium tetraphe-
nylborate; BBB, blood–brain barrier; ADMET, absorption, distribution,
metabolism, excretion, and toxicity.
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(diode array detector [DAD]) and the other with an
electrochemical detector. Initially, the chromatograms
were obtained in an HPLC–DAD system consisting of a
Jasco instrument (pump model 880-PU and solvent mix-
ing model 880-30, Tokyo, Japan) equipped with a com-
mercially prepacked Nucleosil RP-18 analytical column
(250 · 4.6 mm, 5 lm, Macherey–Nagel, Du¨ren, Germany)
and UV detection (Jasco model 875-UV) at the maximum
wavelength determined by the analysis of the UV spec-
trum of each compound. The isocratic mobile phase con-
sisted of 10 mM aqueous ammonium acetate (adjusting
the ﬁnal pH to 3 with hydrochloric acid) with 10% aceto-
nitrile at a ﬂow rate of 1 ml/min at room temperature.
The chromatographic data were processed with a Compaq
computer ﬁtted with CSW 1.7 software (DataApex, Czech
Republic).
A Waters 2690 Alliance system equipped with a
Concorde Electrochemical Detector (Waters, Milford,
MA, USA) was also used. The electrochemical cell was
a VT-03 ﬂow cell (Antec Leyden, Zoeterwoude, Nether-
lands) with a conﬁned wall jet design in a three-electrode
conﬁguration: a 2-mm diameter glassy carbon working
electrode, an in situ Ag/AgCl reference electrode, and a
stainless-steel auxiliary electrode. The electrochemical
detector was operated in oxidative amperometric mode
with the working potentials between 100 and
+1200 mV. The HPLC separation was carried out in a
reverse-phase LC-18-S Supelcosil analytical column
(150 · 4.6 mm, 5 lm, Supelco, Bellefonte, PA, USA). As
mobile phase, 100 mM sodium acetate (pH 4.3)/methanol
(10:3) was used in isocratic mode at a ﬂow rate of
1 ml/min. Chromatograms were acquired in a
Millennium 32 Chromatography Manager (Waters).
Electrochemical studies
For the electrochemical measurements, the following
chemicals were used as received: 1,2-dichloroethane
(DCE, 99.9%, Sigma), lithium chloride (LiCl, 99%,
Aldrich), tetraoctylammonium tetraphenylborate (TOA-
TPB), and sodium tetraphenylborate (NaTPB). Tetrameth-
ylammonium-TMN+ and tetrabutylammonium-TButN
were used as internal standards. MilliQ Plus water
(18 MX cm) was used for preparation of all aqueous solu-
tions as well as for rinsing. All experiments were carried
out at room temperature. The ITIES system consists of a
four-electrode cell (Fig. 2) with a ﬂat waterjDCE interface
having an area of 0.28 cm2:
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Fig. 1. Chemical structures of the studied compounds: heroin (1), 6-MAM (2), morphine (3), acetylcodeine (4), codeine (5), dihydrocodeine (6),
methamphetamine (7), amphetamine (8), MDMA or ecstasy (9), MDA (10), 3-OMe-a-MeDA (11), and a-MeDA (12).
Fig. 2. Schematic representation of the electrochemical cell used in the
experiments. The aqueous (w) phase contained LiCl and the protonated
form of the drug under study (DrugH+), and the organic (org) phase
contained tetraoctylammonium tetraphenylborate salt (TOctN+ TPheB).
CE, counter electrodes; Ref., reference electrodes.
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Ag=AgCl j 50 mM NaTPBþ 100 mM LiCl ðwÞ
j 50 mM TOATPB ðDCEÞ
j 0:1 M LiClþ x mM drugþ ðwÞ j AgCl=Ag:
The pH of the aqueous solutions was 6.8. Under these con-
ditions, all of the studied compounds were present in the
water solutions as monocations given that the pKH+ values
of all compounds range between 7.6 and 10.1 (see Table 2).
The voltammetric measurements at ITIES were carried out
by applying the cyclic staircase voltammetry with scan
rates varying from 2 to 150 mV/s. All voltammograms were
measured using the Ohmic drop compensation mode.
Theoretical studies
Calculated/Predicted logP data were obtained with
three diﬀerent software packages—Modeslab, Dragon,
and HyperChem—using either atom-based or diﬀerent
fragmental approaches [22].
Rational background
The partition coeﬃcient of an ion i (logPi) depends on
the Galvani potential diﬀerence across the interface, as
shown by the following equations:
logðP iÞ ¼  DG
ho
i w
2:3RT
þ ziF
2:3RT
Duow ð1Þ
or
logðP iÞ ¼ logðP hoi wÞ þ
ziF
2:3RT
Duow; ð2Þ
logðP hoi wÞ ¼ 
DGh
o
i w
2:3RT
; ð3Þ
where logðP hoi wÞ is the standard partition coeﬃcient of
the ionic solute (i) transferred from the water (w) into
the organic (o) phase. In the above equations, Duow is the
Galvani potential diﬀerence between the water and
the organic phase, and DGh
o
i w is the standard Gibbs energy
of transfer of the ionic solute (i) from the water to the
organic phase. DGh
o
i w [and consequently logðP h
o
i wÞ] is directly
related to the voltammetric half-wave potential of the ion
transfer Du1=2
o
iw Eq. (3). This latter parameter can be direct-
ly deduced from the voltammetric experiments using well-
established procedures [1,3–5]. It is worth noting that cyclic
[1,3,5] and square-wave voltammetry [2,3] at the ITIES are
particularly appropriate techniques for the experimental
determination of the standard partition coeﬃcients of ionic
solutes [logðP hoi wÞ] due to the possible use of an external
control of the interfacial potential and hence of the ionic
distribution between the two adjacent phases.
n-Octanol traditionally has been regarded as the refer-
ence organic solvent for the lipophilicity studies of neutral
solutes because of its amphiphatic structural properties
that are thought to be similar to the phospholipids present
in biomembranes [5,29]. Although developed recently, the
three-phase electrode technique has proven to be a success-
ful tool for the evaluation of the standard partition coeﬃ-
cients of anions at the waterjn-octanol interface [2,15].
Unfortunately, due to the inaccessibility to the redox probe
capable of probing cation transfer across waterjn-octanol
interface when using the three-phase electrode [14a], we
were restricted in using this technique in our experiments.
However, n-octanol cannot be used as an organic medium
for assessing the lipophilicity data of ions by voltammetry
at the ITIES due to the nonpolarizable nature of the inter-
face with water [1–5]. This methodology has been applied
to the study of cation transfer using DCE as solvent, which
usually is noted as a good alternative for n-octanol [3–5,30–
33], although both solvents have a diﬀerent nature. A sche-
matic representation of the electrochemical cell used in the
current work is depicted in Fig. 2.
The ion transfer of the monocationic forms of the stud-
ied compounds was studied by using cyclic voltammetry
(see representative voltammograms in Fig. 3), whereas
the most relevant thermodynamic parameters of lipophilic-
ity of the investigated compounds are given in Table 1. The
peak-to-peak separation between the peaks at more nega-
tive potentials (corresponding to the transfer of the cations
from water to DCE) and peaks at more positive potentials
(portraying the transfer of the cations from DCE to water)
was approximately 60 mV in all cases and did not vary sig-
niﬁcantly with the scan rate. It is worth mentioning that in
some cases the peak-to-peak separation was slightly more
than 65 mV, probably due to the slower kinetics of cation
transfer across the liquidjliquid interface. This eﬀect, how-
ever, does not aﬀect the thermodynamic data given in
Table 1. Moreover, the peak currents of both positive
and negative peaks were proportional to the square root
of the imposed scan rates and to the concentration of the
compounds present in the initial aqueous solutions. The
main features of the cyclovoltammetric responses as a func-
tion of the applied scan rate are given in Table 2. All of
these features imply an electrochemically reversible and
diﬀusion-controlled ion transfer of all the compounds
under study [1,3,5]. These experimental conditions enabled
Fig. 3. Representative cyclic voltammograms of the compounds: blank
(curve 1), heroin (curve 2), codeine (curve 3), and morphine (curve 4). The
scan rate was 25 mV/s, and the concentration of the compounds was
0.25 mmol/L.
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the use of the half-peak potentials for the determination of
the standard Gibbs transfer energies and logP values of the
monoprotonated forms of the studied compounds. This
was carried out by applying Eq. (3) and the relationship
between the standard Gibbs energy of ion transfer and
the standard potential of ion transfer (Duh
o
i w), that is,
Duh
o
i w ¼ 
DGh
o
i w
ziF
: ð4Þ
It is important to note that the standard potential values
(Duh
o
i wÞ of the ion transfer of the compounds were deter-
mined from the diﬀerences between the half-peak potential
of the cyclic voltammograms of single compounds and the
half-peak potential of internal standards with known
values of the Duh
o
i w (i.e., tetramethylammonium-TMetN
+
or tetrabutylammonium-TButN+) that have been added
in the voltammetric cell (Duh
DCE
TMetNþ w ¼ 0:160 V and
Duh
DCE
TButNþw ¼ þ0:164 V [3]). All of the relevant thermody-
namic parameters concerning the lipophilicity of the ionic
forms of the studied compounds, together with the experi-
mental and estimated partition coeﬃcients of neutral drug
forms, are depicted in Table 1.
Results and discussion
Drug metabolism is largely the biological process
responsible for degradation of lipophilic drugs. The most
relevant mechanism is their enzymatic conversion to more
polar products, which have the propensity to be excreted
relatively more rapidly. In general, the enzymes catalyze
the biotransformation of the drugs by the following general
reactions: oxidation, reduction, hydrolysis, deamination
(phase I reactions), and conjugation (sulfation, glucurona-
tion, methylation, acetylation—phase II reactions). The
Table 2
Equation of the linear regression line, correlation coeﬃcient corresponding to the linear line, and peak-to-peak separation as a function of applied scan
rates
Compound Range of
applied scan
rates (m/mV s1)
Equation of linear line
(Ip,a/lA = am
0.5 + b)
Correlation
coeﬃcient of linear
regression (R2)
Range of
peak-to-peak separation
(DEp/mV)
Protonation
constant (pKþHÞ
1 2–150 = 1.20m0.5  2.17 0.99 60–72 7.60 (23 C)
2 2–150 = 1.25m0.5  1.98 0.99 58–64 8.00 (25 C)
3 2–150 = 1.47m0.5  2.05 0.98 62–72 9.90 (20 C)
4 2–150 = 1.35m0.5  1.89 0.98 60–68 9.04 (25 C)
5 2–150 = 1.24m0.5  1.46 0.99 56–66 8.20 (20 C)
6 2–150 = 1.60m0.5  1.62 0.98 64–75 8.80 (25 C)
7 2–150 = 1.42m0.5  1.94 0.99 58–64 10.1 (25 C)
8 2–150 = 1.26m0.5  2.02 0.97 56–65 10.1 (25 C)
9 2–150 = 1.04m0.5  1.14 0.99 58–63 9.20 (25 C)
10 2–150 = 1.18m0.5  1.27 0.98 56–64 9.67 (25 C)
11 2–150 = 1.38m0.5  1.92 0.98 60–70 9.80 (25 C)
12 2–150 = 1.23m0.5  1.80 0.99 60–68 9.14 (25 C)
Note. The concentration of the investigated compounds in the aqueous solution was 0.25 mmol/L. The last column refers to the values of the protonation
constants pKH
+ of the investigated compounds at given temperatures.
Table 1
Partition coeﬃcient values of the drugs under study and metabolites
Compound LogPnoctw (of neutral molecules)
(from literature)a,b,c
LogPnoctw (calculated for
neutral forms)d
LogPnoctw (calculated for
cationic forms) d
LogPDCEw (experimental for
cationic forms)
Heroin (1) 1.58a,b,c (octanol/H2O) 1.69 1.83 0.58
6-MAM (2) 1.55c 1.50 1.62 2.45
Morphine (3) 0.10a,b (octanol/pH 7.4) +0.89c 0.76 1.75 4.55
Acetylcodeine (4) n.f. 1.82 1.58 1.55
Codeine (5) 0.60a,b (octanol/pH 7.4) +1.19c 1.08 1.71 2.00
Dihydrocodeine (6) 1.50a,b (ether/pH 7.0) 1.33 1.01 3.95
Methamphetamine (7) 2.10a,b (octanol/H2O) 1.79 0.87 2.03
Amphetamine (8) 1.80a,b (octanol/H2O) 1.76 0.62 2.52
Ecstasy (MDMA) (9) n.f. 1.76 0.93 3.22
MDA (10) 1.64a,b (octanol/H2O) 1.79 1.18 3.55
3-OMe-a-MeDA (11) n.f. 2.04 1.40 1.83
a-MeDA (12) n.f. 0.95 1.43 3.82
Note. n.f., not found.
a Ref. [23].
b Ref. [24].
c Ref. [25].
d Calculated according to HyperChem.
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phase I reactions correspond to the conversion of the
hydrophobic moieties to more hydrophilic compounds. In
this perspective, all reactions of xenobiotic metabolism
should yield metabolites of increased polarity relative to
the parent compounds. This rule often, but not always, is
veriﬁed because a noticeable number of xenobiotics and
metabolites fortuitously resemble endogenous compounds
and become substrates of endobiotic-metabolizing path-
ways yielding products of increased lipophilicity. Some
examples include: mono-O-methylation of catechols,
N-acetylation of primary amines (rare), and esteriﬁcation
of some alcohols with fatty acids [34].
Actually, many in vivo metabolic studies have demon-
strated a dependence of biotransformation on lipophilicity,
suggesting that a predominant role for transport and parti-
tioning processes is the determination of partition coeﬃ-
cients for either the ionized forms of several metabolites
or the parent compounds—a relevant tool to corroborate
this type of information.
So, in this work, the lipophilic properties of the following
compounds (Table 1) were determined: heroin, 6-MAM,
morphine, acetylcodeine, codeine, dihydrocodeine,
methamphetamine, amphetamine,MDA, 3-OMe-a-MeDA,
and a-MeDA. To perform a comparative analysis of the
data, the drugs were divided into four subgroups.
The lipophilicity of the cationic forms of the drugs of the
ﬁrst subgroup (the structurally related opioids: heroin (1),
6-MAM (2), and morphine (3)) decreases progressively
from diacetylated compound to morphine. The lipophilici-
ty of heroin (diacetylmorphine) is found to be higher than
that of morphine by nearly 4 logP units. Accordingly, the
phase I metabolite 6-MAM is shown to be less lipophilic
than heroin (by 2 logP units), proving that in this meta-
bolic process a typical detoxiﬁcation pathway occurs.
These results are in agreement with previous ﬁndings that
heroin molecules can pass through the blood–brain barrier
(BBB) much faster than the drug’s metabolite morphine
[35]. This phenomenon frequently contributes to a more
intense pharmacodynamic eﬀect of heroin compared with
morphine [36]. It could be stressed that the ionic form of
heroin possesses physicochemical features to surpass BBB
given that it is possible in this work to propose a diﬀerent
magnitude of logP values for the cationic forms similar to
that established by Hansch and coworkers, ﬁnding that the
ideal lipophilicity of neutral compounds for passive pene-
tration into the brain is approximately 2 (logPoct scale)
[37,38].
Moving on to the second subgroup (acetylcodeine (4),
codeine (5), and dihydrocodeine (6)), one can see that the
lipophilicity of the hydrogenated codeine (i.e., dihydroco-
deine) is much lower (by nearly 2 logP units) than the cor-
responding lipophilicity of codeine. The eﬀect of increased
hydrophilicity by the addition of two hydrogen atoms to
the unsaturated double bond in the cyclic system of codeine
can be assigned to its role in forming additional hydrogen
bonds with water molecules. This leads to an increase of
the hydration energy of the hydrogenated compound,
consequently leading to a higher hydrophilicity [5]. The
partition coeﬃcient data obtained for the ionic forms of
acetylcodeine versus codeine are in accordance with a
phase I metabolic process. The esteriﬁcation of the hydrox-
yl group of codeine with an acetyl group brings higher lipo-
philicity to the ﬁnal product (acetylcodeine), an eﬀect that
has been described previously for acetylmorphine deriva-
tives. In addition, it should be noted that the methylation
of the hydroxyl group of morphine led to a more lipophilic
compound (codeine) (Table 1), a fact showing the feasibil-
ity of the experimental determinations.
The third subgroup of compounds studied (Table 1)
consists of methamphetamine (7) and its metabolite
amphetamine (8). The methylation of the NH3
þ group of
amphetamine increases the lipophilicity of the drug by
approximately 0.5 logP units. This lipophilic contribution
of the CH3 group to the overall lipophilicity of the com-
pound is in the same range as what has been found and
described previously in the literature [14c].
In what is considered to be the ‘‘designer drug’’ ecstasy
(9, MDMA) and its metabolites, it was concluded that the
outcome of the increase of the lipophilicity of ionized met-
amphetamine in relation to amphetamine can also be
noticed by comparing the logP of the drug and the metab-
olite MDA (10). That is, the ionic form of ecstasy possesses
a higher lipophilicity than its metabolite/precursor (MDA),
which is itself a drug of abuse.
The lipophilicity determined for ionic forms of the two
ecstasy metabolites, 3-OMe-a-MeDA (11) and a-MeDA
(12), are in agreement with the expectations, with a-MeDA
showing lower lipophilicity than 3-OMe-a-MeDA. These
results help us to understand the previously published data
[28], where it was found that in the metabolism of MDMA
both N-methylation and O-methylation of the catechol-
amine-type compounds enhance cytotoxicity. Although
data on the biotransformation of this type of drugs are lim-
ited, a few studies on the metabolism of N-alkylated
amphetamines showed that both N-dealkylation and ring
hydroxylation pathways can occur, whereas ring oxidative
metabolic pathway is more extensive [28]. From these data,
it is apparent that N-dealkylated amphetamines have high-
er lipophilicity than do the hydroxylated ones, giving one
reason for the diﬀerence found in the extension of the met-
abolic pathways.
In addition, because drugs’ lipophilicity is strongly
correlated with their pharmacological and toxicological
properties, an eﬀort was made to check the mathematical
models that are capable of accurately predicting their value
either for these drugs or for new drug candidates. Several
software packages have been used to calculate the partition
coeﬃcients of the neutral and cationic forms of the studied
drugs. The cross-comparison of the experimental and
calculated values reveals that no good linear correlation
was found with the experimental data obtained. One of
the reasons for this certainly is the diﬀerent nature of the
organic solvent used (DCE) and n-octanol, which is a
standard organic solvent in all software packages for log P
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calculations. Another reason could be the fact that all soft-
ware packages are based on the so-called additive lipophilic
contribution methods of groups or fragments and do not
take into account important lipophilic eﬀects such as char-
ge delocalization, iceberg eﬀects, and cavity formation
energy [1,5]. This means that one always should interpret
with caution the data estimated theoretically with most of
the commercial packages available. Nevertheless, we
should point out that HyperChem gave the best correla-
tion, indicating a superiority of the atom-based method
over fragmental methods for this particular set of ionic
drugs.
It is important to note that the partition coeﬃcient
algorithms obtained so far could be applied in the future,
for instance, in the development of membrane transport
models [39]. This could also be important for future
absorption, distribution, metabolism, excretion, and toxic-
ity (ADMET) studies as well as QSMR studies [5].
Conclusions
Lipophilicity and hydrogen-bonding ability are consid-
ered to be the most important physicochemical properties
that rule the transmembrane movement of the drugs,
whether used therapeutically or not [1,5]. These parameters
are also related to the aﬃnity of the solute for the hydro-
phobic bilayer and its ability to leave the favorable hydro-
gen-bonding environment of the aqueous phase. Although
initially it was thought that only neutral compounds were
able to diﬀuse through biological membranes, recent stud-
ies have shown that transmembrane diﬀusion of ions does
occur. Because most parts of drugs behave as weak acids
or bases, they are predisposed to be ionized at physiologi-
cal pH [5]. The current work examined the transferring
features of the ionic forms of several opioids and amphet-
amine-like drugs and their metabolites by using four-elec-
trode voltammetry at the ITIES, revealing their ability
(or not) to cross membranes. The obtained lipophilicity
of the ionic forms of these drugs, expressed via their parti-
tion coeﬃcients, was related to the chemical structures of
the compounds and the biotoxicity. The great advantage
of the technique employed is the possibility of evaluating
the logP of charged molecules by employing a method that
is not time- or material-consuming.
In addition, it was found that the software package
HyperChem gave the best correlation, indicating a
superiority of the atom-based method over fragmental
methods for this particular set of ionic drugs. The
data of this study are considered to be a contribution for
a better understanding of some toxicological and/or
pharmacological features of these drugs given that
lipophilicity is found to be a major determinant of pharma-
codynamic and pharmacokinetic properties of drugs.
Therefore, it is consensual that knowledge of both the met-
abolic pathways and the physicochemical properties of the
drugs is believed to be critical for understanding their bio-
logical role.
Future work will be extended to other phase I metabo-
lites and to the products of the phase II detoxiﬁcation pro-
cess, namely the compounds originated by glycoside,
sulfate, and glutathione conjugation. In addition, a more
comprehensive study currently being developed will consid-
er the modiﬁcation of the liquidjliquid interface with phos-
pholipids [32], mimicking in that way the double-layer
living cell membranes.
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